The adsorption of carbon monoxide (CO) on water ice and on the oxides Fe203, Fe304, A1203, SiO2, CaO, MgO, and TiO2 (futile and anatase) has been investigated in a flow reactor. A mass spectrometer was employed as a detector to monitor the temporal concentrations of CO. We have measured adsorption coefficients as large as 1 x 10 -4 for CO on TiO2 solids in helium at 196 K. The fractional surface coverage for CO on TiO2 solids in helium was also determined to be approximately 10% at 196 K. The upper limits of the fractional surface coverage for the other oxides (Fe203, Fe304, A1203, SiO2, CaO, and MgO) and water ice were also measured to be less than 1%. The implications for the stability of CO2 in the Martian atmosphere and the "CO hole" observed by the Phobos/ISM (infrared spectrometer) experiment are discussed.
INTRODUCTION
The stability of CO2 is the central question in the atmospheric evolution of Mars. Two theoretical models were developed in the early 1970s to address this question. The first model [McElroy and Donahue, 1972] was based on the catalytic oxidation of CO to CO2 by HO•.. While it was successful in explaining the stability of CO2, it required a large eddy diffusion coefficient (K > 10 8 cm 2 s -l) in order to transport both atomic oxygen and CO downward. Subsequent work has suggested that this eddy coefficient is too large [Kahn, 1990] . Kahn Heterogeneous chemistry may provide a solution. Huguenin et al. [1977] demonstrated that if the Martian atmosphere were dry, the heterogeneous oxidation of CO at the Martian surface could stabilize CO2 if the rate of oxidation was limited by the supply of CO and 02 to the surface. However, Kong and McElroy [1977] concluded that such a reaction mechanism could not compete with HO;c chemistry. Neither of these studies incorporated CO or 02 adsorption data in their models, nor did they consider the impact of heterogeneous chemistry on ice or dust in the Martian atmosphere. The suggestion that heterogeneous chemistry in the atmosphere plays a role in stabilizing CO2 [Atreya and Blamont, 1990] . The elemental compositions were observed in sediments by the Viking lander X ray fluorescence spectrometers [Clark et al., 1982] . Similar Martian soil compositions were also reported by Phobos 2 and Mars 5 y ray emission spectrometers [Surkov et al., 1989] This adsorption process includes both physical adsorption and chemisorption of CO on the surface. Additionally, the fractional surface coverage 0 of CO on water ice or oxide powders was also investigated.
EXPERIMENTAL METHOD
The adsorption coefficients of CO on water ice films and on oxide powders have been investigated in a fast flow reactor coupled with a quadrupole mass spectrometer. For the experiment involving water ice a cylindrical Pyrex tube 2.8 cm in diameter and 30 cm in length was employed. The tube was refrigerated by circulating cold methanol in a surrounding jacket, and its temperature was measured by two pairs of thermocouples, one at the downstream end and another halfway along the length of the tube. The CO was added through a sliding injector and monitored at several injector positions by the mass spectrometer set at 28 amu. Typically, a water ice film of about 2.5 g was deposited uniformly along the flow tube. The detailed experimental procedure has been given in previous publications [Leu, therford, New Jersey) distilled water, and several oxide powders. The helium and carbon monoxide were used without further purification. The distilled water was degassed in vacuum before use. The oxide substrates were supplied from various sources which are listed in Table 2 . The solid samples were always degassed by heating to about 500 K for a couple of hours in vacuum; then these samples were allowed to cool to room temperature. In addition, the mass spectrometer was used to monitor volatiles, mainly H20 and CO2, to ensure their removal by the thermal degassing process. The surface area is an important parameter needed to calculate the adsorption coefficient. We employed Brunauer, Emmett, and Teller (BET) analyses of adsorption isotherms to measure specific surface areas. Either argon or nitrogen were used in this experiment. Typical surface areas of oxide solids ranged from 2 to 300 m2/g. Bulk densities Pb were measured by a high-precision balance and a calibrated volume. The true densities were taken from the literature [Handbook of Chemistry and Physics, 1984] . These data are summarized in Table 2. A scanning electron microscope was also used to evaluate the particle size and the pore structure of these solids. Some of the micrographs of TiO2 solids are shown in Figure 2 X ray diffraction analyses were also performed for TiO2 samples. The phase compositions were for batch 1, 45% rutlie and 55% anatase; for batch 2, 88% futile and 12% anatase; and for batch 3, 17% futile and 83% anatase. Another possible phase, brookitc, was below the detection limit in all samples. In addition, an X ray fluorescence spectrometer was used to check the impurities of these solids which are consistent with the data shown in Table 2 . 
RESULTS

H20 Ice Film
Typically, a CO concentration of 1.5 x 10 TM molecules/ cm 3 was used in this experiment. The temperature of the flow reactor was 185 K. A solid ice film weighting 2.5 g was deposited uniformly along the reactor. The ice film was annealed to about 210 K by a sliding Pyrex injector [Leu, 1988] . In separate experiments we found that H20 ices deposited near this temperature have BET surface areas about 1.3 m2/g and bulk densities about 0.65 g/cm 3 (L. F.
Keyser and M. T. Leu, unpublished data, 1991)
. The CO signals were found to be independent of the injector position, and from this we obtained an upper limit for k(obs) of 0.1 s -1. The fractional surface area coverage was estimated to be less than 1%.
Oxide Powders
The typical data for the CO adsorption coefficient on TiO2 is shown in Figures 3a and 3b. In Figure 3a , the TiO2 solid consists of 45% rutile and 55% anatase. The surface area was measured to be 28.8 m2/g. At first the data were collected by flowing CO in the absence of TiO2 (I0) and then by flowing CO through the TiO2 U tube (I). A CO concentration of 1.4 x 10 TM molecules cm -3 was used; this is comparable to that in the Martian atmosphere. Because of a surface saturation effect the CO signals (I) were found to increase versus time. The rate constant k(obs) was measured to be 64.5 s-1.
By correcting for the external axial diffusion and the internal
O2O
Another example of TiO2 data is shown in Figure 3b . This batch of TiO2 solid contains 88% rutile and 12% anatase. The BET surface area was also measured to be 2.9 m2/g which is about one order of magnitude smaller than that of batch 1 TiO2. Because of the rapid surface saturation the CO signals in the presence of TiO2 increased rapidly within a short period of time, and we were not able to accurately determine the adsorption coefficient. The lower limit was estimated to be 3.9 x 10 -7. The surface saturation in batch 2 TiO2 is more rapid than that in batch 1 TiO2 because of the difference in the total surface area of these solids. A similar experimental procedure was also used to determine the adsorption coefficient for batch 3 TiO2.
The coverage of CO molecules on the surface of TiO2 solid was calculated from observed parameters. As shown in Tables 2 and 3 surface area, 3/was determined to be > 1 x 10 -4 (see Table   3 ). We believe this value is a lower limit for the experiment because some adsorption may have occurred prior to collection of the first data point after admiting CO over TiO2. to 77 K (see Table 3 ). It is possibly due to the dependence of k•t/k a, the ratio of the desorption rate over the adsorption rate, on the temperature. The desorption rate at 77 K is much smaller than that at 196 or 273 K.
In some preliminary experiments, TiO2 solids were not thermally degassed, and therefore both CO2 and H20 which were previously adsorbed in air remained on the surface. The fractional surface coverage of CO was found to be less than 1%, significantly smaller than 10.8% we determined for the degassed samples. It appears that CO2 and H20 may occupy some of active sites of TiO2 solids.
We did not find measurable adsorption of CO on the other oxides. For these substrates the first-order rate constants k(obs) were found to be less than 0.1 s -1 at 196 K. Because of the rapid surface saturation we were not able to determine the adsorption coefficients for these solids. The fractional surface coverage was estimated to be less than 1%. The desorption of CO from the TiO2 solid was also observed. In the experiment shown in Figure 3a, TiO2 surfaces at 420 K is known to be higher than that on most of the other oxides (Fe203, A1203, SiO, and MgO) we have studied [Golodets, 1983] . This activity pattern is consistent with our results.
Our measurements may have implications for understanding the atmospheric chemistry of Mars. Since observations by the Viking landers, Mars 5, and Phobos 2 indicate that Martian sediments contain about 0.6 wt % Ti-bearing compounds (Table 1) [Clark et al., 1982; Surkov et al., 1989] , it is reasonable to suggest that the atmospheric dust is of similar elemental composition. Titanium may be present in compositions other than TiO2, although a major TiO2 dust component has been suggested on the basis of Mariner 9 UV data [Pang and Ajello, 1977] . Nevertheless, this is a useful first-order approximation, given the sparse data on both Martian mineralogy and the adsorption coefficients of CO on more complex Ti-bearing oxides (i.e., FeTiO3). It is assumed that only 0.6% of the available surface area is considered as that of TiO2. . This is also a potential heterogeneous pathway that needs to be considered.
